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Abstract
Analysis of seasonal patterns of marine bacterial community structure along horizontal and vertical spatial scales can help to
predict long-term responses to climate change. Several recent studies have shown predictable seasonal reoccurrence of bacterial
assemblages. However, only a few have assessed temporal variability over both horizontal and vertical spatial scales. Here, we
simultaneously studied the bacterial community structure at two different locations and depths in shelf waters of a coastal
upwelling system during an annual cycle. The most noticeable biogeographic patterns observed were seasonality, horizontal
homogeneity, and spatial synchrony in bacterial diversity and community structure related with regional upwelling–downwelling
dynamics. Water column mixing eventually disrupted bacterial community structure vertical heterogeneity. Our results are
consistent with previous temporal studies of marine bacterioplankton in other temperate regions and also suggest a marked
influence of regional factors on the bacterial communities inhabiting this coastal upwelling system. Bacterial-mediated carbon
fluxes in this productive region appear to be mainly controlled by community structure dynamics in surface waters, and local
environmental factors at the base of the euphotic zone.
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Introduction

Marine bacterioplankton communities are dynamic and
patchily distributed, showing variation over different

spatial and temporal scales. Previous studies have shown
moderate changes of the bacterial communities over large
horizontal scales [13, 81, 94, 95, 104]. In fact, processes
influencing bacterial community structure (BCS) over
horizontal spatial scales have been suggested to be het-
erogeneous at scales > 50 km in the open ocean [63].
Variation along vertical scales appears to be comparative-
ly more marked [1, 77, 81]. Nevertheless, the variability
of bacterial communities over spatial scales may be
strongly affected by dispersal-related filters and hydro-
graphic processes in the ocean, separating or mixing wa-
ter masses at different temporal scales [62].

Irrespective of spatial variability, several studies have
shown temporal dynamics of marine bacterial communi-
ties over a wide range of timescales, ranging from diel to
interannual fluctuations [11, 23, 28, 54, 55, 73, 80, 82,
34, 3]. Some of these temporal fluctuations occur at short
scales (days) [63, 82, 83, 84, 111, 112], but short-term
changes tend to oscillate about a predisturbed community
over weeks yielding stability over the scale of weeks to
months, suggesting a strong ecological resilience regulat-
ed by longer term factors [47, 82, 103].
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Even though the study of bacterioplankton communities
along the three different dimensions (i.e., horizontal space,
depth, and time) is critical to understand, model, and eventually
predict distribution patterns in the oceans [46], only a few bio-
geographic studies have assessed variability over both spatial
and seasonal scales [1, 42, 51, 53, 63]. To capture spatial and
temporal diversity patterns in coastal areas (excluding strong
physicochemical spatial gradients such as estuary-coast transi-
tion), sampling must occur at horizontal scales ranging from
tens to hundreds of kilometers, at vertical scales enabling com-
parison of different ecological niches, and at the order of week-
ly to monthly timescales over, at least, an annual cycle. Owing
to the lack of such studies, our current understanding of the
extent and predictability of microbial diversity patterns is still
limited, and only broad interpretations from worldwide com-
parisons of long-term time series are emerging [47, 56].

Temporal and spatial differences in phytoplankton commu-
nities have been extensively reported along the Galician coast
related to both upwelling–downwelling patterns and the
Finisterre Front [17, 18, 24, 39, 109, 115]. Such differences
in phytoplankton dynamics, together with the short-term and
seasonal changes in meteorological conditions (e.g., solar ra-
diation, precipitation), may drive changes in the carbon fluxes
through the microbial communities along the seasonal cycle,
and thus affect the structure and function of the bacterial com-
munity [109].

Compared to other microbial plankton components, very
few studies have described bacterioplankton dynamics in this
highly productive ecosystem [79, 109, 114]. The few attempts
to describe bacterial diversity have been limited to the inner
part of the Ría de Vigo [2, 110, 119].

Within this context, the objective of our work was to si-
multaneously study the bacterioplankton community structure
at two depths in shelf waters off the Rías Altas (in front of A
Coruña) and off the Rías Baixas (in front of Ría de Vigo)
during an annual cycle using ARISA fingerprinting in order
to (1) describe the spatial and temporal BCS variability, (2) to
identify which factors drive bacterial biogeographic patterns
in this coastal region, and (3) to relate environmental variabil-
ity, BCS, and bacterial-mediated carbon fluxes.

We hypothesized that euphotic zone bacterial communities
would show clear seasonal patterns and significantly differ
between both sampling locations and depths.

Material and Methods

Study Area

The coastal area off Galicia represents the northern boundary
of the Eastern North Atlantic upwelling system [6, 14, 25].
Northerly winds, which favor upwelling, occur in the region
from spring (March–April) until fall (September–October),

and southerly winds favoring downwelling predominate the
rest of the year (October to March) [6, 25, 118]. A subsurface
front develops off Cape Finisterre during the upwelling period
[7, 27, 43, 44, 61, 76] where two varieties of Eastern North
Atlantic Central Water (ENACW) converge: relatively warm
(> 13 °C) ENACW of subtropical origin (ENACWst) and the
colder (< 13 °C) nutrient-richer ENACW of subpolar origin
(ENACWsp). ENACWst preferentially upwells in the large
coastal embayments located to the south of Cape Finisterre,
coined as BRías Baixas^ [5], whereas ENACWsp preferential-
ly upwells in the BRías Altas^ located to the north of Cape
Finisterre (Fig. 1) [6, 25, 41, 90, 96]. This coastal area has a
mild climate in comparison to similar latitudes on the other
side of the Atlantic. The inter-annual variation in seasonal
dynamics falls between temperate and oceanic climates, gen-
erally features tempered summers (relative to their latitude)
and exceptionally mild winters, consistently heavy rainfall,
and temperatures rarely dropping below freezing. We will
use hereafter the term Bseasonal^ for those variables showing
strong and significant correlation with day length (D-L), even
though our dataset only covers a single annual cycle.

Meteorological and Hydrographic Variables

Precipitation (PPT) and D-L data were obtained from two
meteorological stations close to the sampling points (A
Coruña Dique Station and Islas Cíes Station for A Coruña

Fig. 1 Galician coast map (NW coast of the Iberian Peninsula) showing
sampling locations off A Coruña (E2) and Vigo (E3), bathymetry, and
main components of the Eastern North Atlantic Central Water (ENACW)
water mass boundaries (sp, subpolar; st, subtropical) and the Portugal
Coastal Current (PCC) systems. Black dots indicate stations where bac-
terial community structure was sampled monthly. Gray arrows indicate
main current of the PCC, and black arrows indicate main current of the
Iberian Poleward Current (IPC)
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and Vigo datasets, respectively). The upwelling intensity was
estimated as an upwelling index (Iw) by calculating the
Ekman transport from surface winds. Daily Iw values were
computed in two cells of 1° × 1° centered at 43.5° N, 9°W for
A Coruña and at 42° N, 10° W for Vigo, by the Instituto
Español de Oceanografía (http://www.indicedeafloramiento.
ieo.es/) [58], using data from atmospheric pressure at sea
level derived from the WXMAP model [Bode, pers.
comm.]. The upper mixed layer (UML) depth was determined
as the depth where temperature differed by more than 0.25 °C
the surface value.

Sampling

Seawater samples were collected at two shelf stations off the
Galician coast, northwest Spain [A Coruña (E2) Vigo (E3),
see Fig. 1] over an annual cycle at approximately monthly
intervals (January to December 2010). In November 2010,
E3 could not be sampled because of stormy weather.

At each sampling date, vertical profiles of temperature,
salinity, chlorophyll-fluorescence, and photosynthetically ac-
tive radiation (PAR) were obtained with a SBE-25 CTD
equipped with a Seapoint in situ fluorometer and a Licor
spherical PAR sensor. Water from seven fixed levels (surface,
5, 10, 20, 30–40 (A Coruña) / 50 (Vigo), and 70 (A Coruña) /
75 (Vigo) m) was sampled with 5-L Niskin bottles that were
attached to a CTD rosette sampler (A Coruña) or to the hy-
drographic wire (Vigo). The bottom depths at E2 and E3 were
77 and 97 m, respectively. Inorganic nutrients (ammonium,
nitrite, nitrate, phosphate, and silicate) and chlorophyll-a
(Chl-a) concentrations were sampled at all depths. Inorganic
nutrient concentration samples were collected in polyethylene
bottles and frozen at − 20 °C until analysis by standard color-
imetric methods with a Bran–Luebbe segmented flow analyz-
er. Chl-a concentration was determined from acetonic extracts
of plankton retained by GF/F filters and measured by the
fluorimetric method [88].

Additional Contextual Variables

Total dissolved nitrogen (TDN), dissolved organic carbon
(DOC) concentration, particulate organic carbon and nitrogen
(POC and PON) concentrations, fluorescence of dissolved
organic matter [protein-like substrates (FDOMt) and humic-
like substrates (FDOMm)], particulate and dissolved primary
production (POCp and DOCp), bacterial respiration (BR),
bacterial biomass (BB), and bacterial production (BP) were
determined only at two depths (Table 1), corresponding ap-
proximately to the optical depths of 100% (surface) and 1%
(corresponding to a variable depth ranging from 30 to 40 in A
Coruña and to 50 m in Vigo) of surface PAR (E0).

For DOC analysis, seawater was filtered through 0.2-μm
filters (Pall, Supor membrane disc filter) and collected into

precombusted (450 °C, 12 h) 10-mL glass ampoules in an
all-glass filtration system under positive pressure of N2,
Ampoules were acidified with H3PO4 to pH < 2 and then heat
sealed. DOC was subsequently measured in a Shimadzu
TOC-V analyzer (Pt-catalyst). Fluorescence intensity was
measured at the excitation/emission wavelengths of 320/
410 nm (FDOM-M), characteristic of marine humic-like sub-
stances, and of 280/350 nm (FDOM-T), characteristic of
protein-like materials [31]. POC and PON concentrations
were determined in 0.5–1.0 L of seawater filtered through
Whatman GF/F filters, which were stored frozen (− 20 °C)
until analysis in a Carlo Erba CHNSO 1108 analyzer.

For POCp and DOCp determination, three light and two
dark acid-washed Pyrex glass bottles (36 mL in volume) were
filled and inoculated with radio-labeled sodium bicarbonate
([74,370 KBq (2–10 μCi)] of NaH14CO3). Then, bottles were
incubated ashore for 2–3 h in an incubator which simulated
surface seawater temperature and irradiance experienced by
the cells at the original sampling depths. After incubation, two
5 mL subsamples were filtered through 0.2 μm polycarbonate
filters. After removing inorganic 14C by acidification, the ra-
dioactivity on filters and filtrates was determined with a β-
scintillation counter to derive POCp and DOCp, respectively.
The percentage of extracellular release (PER) was calculated
by dividing DOCp by TOCp (POCp + DOCp) rates. For the
estimation of BB, the abundance of heterotrophic bacteria was
determined with a Becton Dickinson FACSCalibur flow
cytometer equipped with a laser emitting at 488 nm [22].
Samples (1.8 mL) were preserved with 1% paraformaldehyde
+ 0.05% glutaraldehyde, and frozen at − 80 °C until analysis.
Heterotrophic bacteria were stained with 2.5 mM SybrGreen
DNA fluorochrome and identified on the basis of their fluo-
rescence and light side scatter (SSC) signatures. Empirical
calibrations between SSC and mean cell diameter described
in Calvo-Díaz &Morán [22] were used to estimate biovolume
of heterotrophic bacteria and finally converted into biomass
by using the following allometric relationship of Norland [86].
BP was determined by the [3H]-leucine incorporation method
[64], modified as described by Smith and Azam [106].
Leucine was added to each sample (40 nM, final concentra-
tion) and incubated for 2 h in the same incubation chamber as
the POC and DOC production bottles. Incubations were
stopped by adding cold trichloroacetic acid (5%, final concen-
tration). For comparative purposes, we used a theoretical leu-
cine to carbon conversion of 3.1 kg C mol Leu−1. BR was
determined by the in vivo INT (2-para (iodophenyl)-3(nitro-
phenyl)-5(phenyl) tetrazolium chloride) reduction method
[72]. Four 100-mL dark bottles were filled from each sam-
pling depth, spiked with INT (final concentration 0.2 mM),
and incubated in the same incubator chamber used for BP
for 1–1.5 h. Formaldehyde-killed controls (2% v/v final
concentration) were performed in order to account for any
abiotic reduction of INT [72]. After incubation, samples
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were sequentially filtered through 0.8 and 0.2-μm pore size
polycarbonate filters and reduced INT (INT formazan) was
extracted with propanol and the absorbance at 485 nm was
then measured using a spectrophotometer (Beckman model
DU640). Respiration of free-living heterotrophic bacteria
(i.e., BR) was operationally defined as ETS activity <
0.8 μm [98]. In order to transform INT reduction rates into
carbon respiration, an R/ETS ratio of 12.8 [72] and a respira-
tory quotient (RQ) of 0.89 [117] were used. Detailed method-
ology for these variables is described elsewhere [109].

DNA Isolation, PCR, and ARISA Fingerprinting

Samples from 100 and 1% of surface PAR depths at both
stations were prefiltered by gravity through a 1.2-μm nominal
pore size (Kleenpak Capsule with HDCII filter) to remove
eukaryotic cells and particle-associated prokaryotes.

Subsequently, 2 L was concentrated for ARISA fingerprinting
using low vacuum pressure (< 7 kPa) on a 0.2-μm pore size
polycarbonate filters (Nuclepore Whatman, 47-mm filter di-
ameter). Filters were dried, stored in DNAse/RNAse-free cen-
trifuge vials, flash-frozen in liquid nitrogen, and kept at −
80 °C until DNA extraction. DNA was extracted using a
phenol-chloroform-isoamyl alcohol extraction protocol as
described in [74], modified for polycarbonate filters as fol-
lows. After thawing, filters were cut in small fragments
using scissors under sterile conditions. Nucleic acid extrac-
tion began with the addition of 631.25 μL of lysis buffer
(50 mM Tris-HCl, pH = 8.3; 40 mM EDTA, pH = 8;
0.75 M sucrose) with lysozyme (1 mg mL−1 final concen-
tration; Sigma-Aldrich), followed by 45-min incubation at
37 °C in slight movement. Then, 18.75 μL of proteinase K
(0.2 mg mL−1 final concentration; Sigma-Aldrich) and
100 μL of sodium dodecyl sulfate (SDS) (1% v/v final

Table 1 Mean (±SD) environmental and functional variables at the two
sampling sites (A Coruña and Vigo) and the two optical depths [100 and
1% of surface photosynthetically active radiation (E0)] during upwelling

(Up) and downwelling (Dw) periods. Groups with no significant differ-
ences for a given variable (one-way ANOVA Kruskal–Wallis test) are
indicated with the same letter

Location A Coruña Vigo

PAR 100% E0 1% E0 100% E0 1% E0

Hydrographical situation Up Dw Up Dw Up Dw Up Dw

Environmental

Temperature (°C) 15.1 ± 1.2a 14.8 ± 1.7abc 13.5 ± 0.5bc 14.3 ± 1.2abc 14.6 ± 1.4ab 15.4 ± 2.3abc 13.4 ± 0.6c 14.3 ± 0.5a

Salinity 35.3 ± 0.3d 35.3 ± 0.4d 35.7 ± 0.2ab 35.7 ± 0.1bc 35.1 ± 0.9cd 34.4 ± 1.6d 35.9 ± 0.1a 35.8 ± 0.1a

PAR (μmol m−2 s−1) 497 ± 295a 228 ± 146ab 7 ± 4c 4 ± 5c 433 ± 235a 96 ± 67b 2 ± 1c 0.5 ± 0.3d

Silicate (μM) 2.6 ± 1.7ab 3.5 ± 1.8ab 3.6 ± 1.4a 3.5 ± 1.4a 1.5 ± 0.7b 3.3 ± 2.3ab 3.9 ± 1.3a 4.6 ± 1.4a

Phosphate (μM) 0.3 ± 0.2ab 0.3 ± 0.1a 0.6 ± 0.3a 0.4 ± 0.1a 0.1 ± 0.1b 0.2 ± 0.1ab 0.4 ± 0.2a 0.5 ± 0.2a

Nitrite (μM) 0.2 ± 0.2a 0.2 ± 0.2a 0.3 ± 0.2a 0.4 ± 0.3a 0.4 ± 0.2a 0.3 ± 0.3a 0.3 ± 0.2a 0.3 ± 0.2a

Nitrate (μM) 2.3 ± 1.8b 3.0 ± 1.8ab 6.0 ± 2.9a 4.0 ± 1.4a 1.1 ± 0.9b 2.9 ± 3.1ab 7.2 ± 4.0a 6.4 ± 3.3a

Ammonium (μM) 1.5 ± 0.2a 1.0 ± 0.23b 1.1 ± 0.6abc 0.7 ± 0.6bc 2.1 ± 0.9a 2.2 ± 1.8abc 0.5 ± 0.3c 0.8 ± 1.1abc

TDN (μM) 18 ± 7abc 18 ± 6ab 11 ± 2c 18 ± 8abc 15 ± 2b 19 ± 4ab 21 ± 5a 18 ± 7abc

DOC (μM) 83 ± 14ab 79 ± 7ab 83 ± 16ab 86 ± 9a 75 ± 7ab 78 ± 10ab 70 ± 3b 76 ± 4ab

POC (μM) 14 ± 9ab 8 ± 5bcde 6 ± 2de 4 ± 1e 15 ± 3a 11 ± 5abc 6 ± 2cde 10 ± 5abcd

PON (μM) 1.6 ± 0.9ab 1.1 ± 0.8abcd 0.8 ± 0.3cd 0.5 ± 0.1d 2.1 ± 0.5a 1.3 ± 0.7ab 0.9 ± 0.4bc 1.3 ± 0.7bc

FDOMm (ppb QS) 3.0 ± 1.1b 4.2 ± 3.1ab 3.2 ± 2.5ab 3.9 ± 2.2ab 4.3 ± 2.3ab 6.6 ± 4.1a 3.8 ± 3.0ab 3.2 ± 0.6b

FDOMt (ppb Trp) 17 ± 13abc 26 ± 8a 17 ± 12abc 20 ± 11abc 8 ± 2bc 10 ± 2b 7 ± 2c 10 ± 3bc

POCp (mg C m−3day−1) 161 ± 140ab 72 ± 96abcd 29 ± 22cd 5.8 ± 5.4de 300 ± 226a 40 ± 40bc 2.5 ± 1.6e 161 ± 140ab

PER (%) 16 ± 11cd 27 ± 24abcd 25 ± 11bc 43 ± 11a 8 ± 7d 11 ± 6d 48 ± 20ab 16 ± 11cd

Chl-a (mg m−3) 2.2 ± 2.4abc 0.8 ± 0.8b 1 ± 0.9abc 0.3 ± 0.1c 2.8 ± 1.7a 1.0 ± 0.1ab 0.2 ± 0.1c 0.2 ± 0.0c

Functional

BB (mg C m−3) 8.8 ± 2.6a 7.6 ± 6.7abc 4.4 ± 1.4c 4.5 ± 5.2bc 15.6 ± 7.5a 15.6 ± 12.5ab 9.5 ± 9.6abc 8.8 ± 2.6a

BP (mg C m−3day−1) 17.5 ± 19.4ab 2.7 ± 4.4b 4.9 ± 6.0ab 1.7 ± 1.8b 12.3 ± 11.4a 4.9 ± 3.1ab 1.2 ± 0.4b 17.5 ± 19.4ab

BR (mg C m−3 day−1) 8.8 ± 7.3ab 2.9 ± 2.1c 3.3 ± 1.4bc 2.7 ± 1.8c 10.6 ± 7.8a 11.9 ± 9.2ab 2.6 ± 1.2c 8.8 ± 7.3ab

PAR photosynthetically active radiation, TDN total dissolved nitrogen,DOC dissolved organic carbon, POC particulate organic carbon, PON paticulate
organic nitrogen, FDOMm fluorescence of the dissolved organic matter from marine humic-like substances, FDOMt fluorescence of the dissolved
organic matter from protein-like substances, POCp particulate organic carbon production, PER percentage of extracellular release,Chl-a chllorophyll-a,
BB bacterial biomass, BP bacterial production, BR bacterial respiration
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concentration) were added, followed by 1-h incubation at
55 °C. Lysate was then washed twice with 1:1 volume of
phenol-chloroform-isoamyl alcohol (25:24:1; saturated with
10 mM Tris, pH 8.0, 1 mM EDTA; Sigma-Aldrich) and once
with 1:1 volume of chloroform-isoamyl alcohol (24:1; 99%
purity for molecular biology; Sigma-Aldrich) and separated
by centrifuging at 12,000 rpm 10 min. The aqueous phase
was purified and concentrated to a volume of 100 to 200 μL
in a microconcentrator (Amiconwith Ultracel-100membrane;
Millipore). DNA was transferred from solution to the
microconcentrator filter by centrifugation at 3000 rpm and
eluted off re-eluted with 2 mL sterilized Milli-Q water (that
had been autoclaved and 10min under UV light). The samples
were then re-bound and eluted two more times (for a total of
three washing steps). The recovered DNAwas quantified in a
Nanodrop spectrophotometer and diluted to a working con-
centration of 10 ng μL−1 of template DNA and stored at −
20 °C until further analysis. The BCS within every sample
was analyzed using ARISA fingerprinting [40]. Extracted mi-
crobial community DNA was PCR amplified by using the
bacterial-specific internal transcribed spacer forward (ITSF)
and reverse (ITSReub) primers set (Cardinale et al., 2004),
the former being labeled at the 5′ end with the fluorescein
amidite (6-FAM) dye (Thermo Scientific). PCR reactions
(40 μL) contained final concentrations of 1× PCR buffer
(Genecraft), 2.5 mM MgCl2 (Genecraft), 250 μM of each
dNTP (Genecraft), 250 nM of universal primer ITSF (5′-[6-
FAM]GTCGTAACAAGGTAGCCGTA-3′) and eubacterial
ITSReub (5′-GCCAAGGCATCCACC-3′), 40 ng μL−1 bo-
vine serum albumin (BSA), 0.063 U μL−1 of BioThermD™
Taq DNA Polymerase (Genecraft), and 1.125 ng μL−1 of tem-
plate DNA. The reaction mixture was held at 94 °C for 2 min,
followed by 32 cycles of amplification at 94 °C for 15 s, 55 °C
for 30 s, and 72 °C for 3 min, with a final extension of 72 °C
for 10 min. Amplified products were sent for capillary elec-
trophoresis migration at Genoscreen (www.genoscreen.fr/).
Unfortunately, we were unable to amplify bacterial DNA
from samples at the 1% E0 in May and 100% E0 in July and
September at A Coruña. Profile peaks were binned and
rearranged by operational taxonomic units (OTUs). Only
peaks on the range 200 to 1200 bp and relative fluorescence
intensity (RFI) values contributing > 0.09% to the total abun-
dance of the sample were considered. We assumed that each
peak area associated with each fragment represented the rela-
tive abundance of each bacterial OTU within the sample.
Bacterial richness was quantified as the number of detectably
different OTUs in each standardized sample. Detailed descrip-
tions of the analysis of sample profiles, such as peak calling
and quality check, are provided in the Supporting Information.
The evenness of the community abundance distribution was
estimated using the inverse Simpson’s index, which is rela-
tively insensitive to numerically minor constituents [16, 66].
We did not attempt to calculate richness, because ARISA

fingerprinting (like most other methods of microbial commu-
nity analysis) does not detect rare taxa. In this case, we could
not detect OTUs representing < 0.1% of the individuals in a
sample.

Statistical Analyses

Differences in physical, chemical, and biological variables, as
well as OTU richness and evenness between locations (A
Coruña and Vigo), PAR (100 and 1% E0) and hydrographical
situation (Up and Dw) were analyzed on SPSS software ap-
plying non-parametric tests [Kruskal–Wallis (K–W) test or
Mann–Whitney (M–W) test, withMonte Carlo permutations],
because of the non-normal distribution of most of the vari-
ables considered. Correlations among microbial community
abundances and physical, chemical, and biological variables
were calculated by using Spearman’s correlation. In case of
multiple comparison tests, the p value was corrected for the
number of comparisons using the Bonferroni method [108].

Multivariate analyses were performed with the software
PRIMER6 [29, 30]. Environmental variables were first
normalized, and then, Euclidean distances among samples
were calculated. The Bray–Curtis similarity of the BCS
was calculated from standardized ARISA relative abun-
dances (squared root transformed). The resulting dissimi-
larity (for environmental variables) and similarity (for
BCS) matrices were used to construct a distance-based re-
dundancy analysis (dbRDA) [69]. Permutation multiple
analyses of the variance (PERMANOVA) were performed
in order to statistically explore whether BCS significantly
differ among sample groups [i.e., different locations (L),
optical depths (OD), or hydrographic situation (HS)], by
comparing Bray–Curtis similarities among samples (all
groups together and pairwise comparisons) using an
Badd-on^ package for PRIMER6, PERMANOVA+ [8, 10,
75]. A distance-based test for homogeneity of multivariate
dispersions (PERMDISP) was used to verify whether differ-
ences found by the PERMANOVA test were due to differ-
ences in homoscedasticity (i.e., data dispersion) between pairs
of groups, or real differences between data groups in the
dbRDA ordination axes [9]. Furthermore, parsimonious
models were built to identify the best factors explaining vari-
ation in the community structure (distance linear-based model
(DistLM) using the stepwise procedure with Akaike’s infor-
mation criterion (AIC) [75]). In order to determine which
combination of predictive variables better explain changes in
BCS, including seasonal (D-L, Iw, PPT, and UML), environ-
mental (not showing strong correlation with seasonal vari-
ables) (T, S, PAR, PO4, SiO4, NO3, NO2, NH4, total dissolved
nitrogen (TDN), FDOMm, FDOMt, DOC, POC, POCp,
percentage of extracellular release (PER) and Chl-a), and
functional (BP, BR and BB), a DistLM was conducted
parallel to the dbRDA.
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Hierarchical cluster analysis was applied to cluster individ-
ual OTUs based on standardized ARISA relative abundances
using the group average mode on the PRIMER6 software.
Furthermore, correlations between the relative abundance of
individual OTUs within the same sampling depth but different
location (inter-location) were calculated by using Spearman’s
correlation coefficient. Those OTUs that were significantly
correlated were considered to display spatial synchrony.

To evaluate the relationship between BCS, bacterial
carbon cycling (i.e., functionality), environmental factors,
and seasonal variability, partial correlations between the
corresponding matrices (based on the Bray–Curtis similar-
ity for BCS and on the Euclidean distances for the other
groups of matrices) were computed using a Mantel test
procedure (partial Mantel tests, two-tailed p values using
999 random permutations) with the PASSaGE v2 software
[http://www.passagesoftware.net [100]].

Results

Contextual Variables

The upwelling index (Iw), precipitation, and UML depth were
all significantly and highly correlated to D-L, and, therefore,

considered seasonal variables. The thermohaline variability
throughout the sampling period (Supporting Information
Fig. S1a, b) was essentially driven by the typical seasonal
thermal cycle, winter mixing, and coastal runoff, as well as
by upwelling pulses during spring and summer (Fig. 2).
Favorable upwelling conditions, as inferred from positive up-
welling index (Iw) values, dominated fromApril to September
2010 at both sampling locations, whereas favorable
downwelling conditions (negative Iw values) predominated
from January to March 2010 and from October to December
2010 (Fig. 2a). Precipitation (PPT) was seasonal and was
highest off Vigo (Fig. 2c). From January to March, freshwater
discharges extended onto the shelf adjacent to the Ría de Vigo,
leading to temperature inversions associated with the devel-
opment of a marked halocline (Fig. S1b). In early spring, the
increase in solar radiation and water column stratification
(Fig. 2b and Supporting Information Fig. S1a, b) promoted
phytoplankton growth at both stations, as reflected by in-
creased Chl-a concentration in surface waters (Supporting
Information Fig. S1e, f). Strong upwelling pulses during late
spring and summer (May–August 2010) favored the advec-
tion of cold and nutrient-rich subsurface waters near the sur-
face (Supporting Information Fig. S1c, d). Upwelling intensity
was higher off Vigo than off A Coruña during this period
(Fig. 2a), where the strongest upwelling pulse occurred in

Fig. 2 Distribution of monthly a
offshore upwelling index (Iw), b
day length, c precipitation, and d
UML depth, off A Coruña (black)
and Vigo (gray) during the sam-
pling period. Sampling months
are classified into upwelling (Up)
and downwelling (Dw) periods
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August 2010 when water of about 14 °C reached the surface
(Supporting Information Fig. S1b). On the other hand,
downwelling of shelf surface waters was higher off A
Coruña than off Vigo (Fig. 2a), which was reflected by the
deeper UML and the homogenization of water column tem-
perature during late autumn and winter (Fig. 2d and
Supporting Information Fig. S1a).

Samples were classified into two groups [upwelling/pro-
ductive period (Up) and downwelling/non-productive period
(Dw) periods] according to the hydrographical situation based
on both the Iw and the vertical profiles of temperature (T) and
Chl-a (Fig. 2 and Supporting Information Fig. S1a, b, e, f).
The upwelling period includes samples fromMarch to August
2010, and the downwelling period includes samples from
January to February 2010 and from September to December
2010 (Fig. 2 and Supporting Information Fig. S1).

Mean water temperature (T) and salinity (S) showed rela-
tively low variation among sample groups, being significantly
lower at the 1% of surface photosynthetically active radiation
(PAR) depth (hereafter 1%E0 or the base of the euphotic zone)
than at the optical depth of 100% of surface PAR (hereafter
100% E0 or surface) during the Up period (Table 1). Mean
dissolved organic carbon (DOC) concentration was signifi-
cantly higher off A Coruña than off Vigo (K–W test, p =
0.03, N = 42), while particulate organic carbon and nitrogen
(POC and PON, respectively) concentrations were significant-
ly higher off Vigo than off A Coruña (K–W test, p = 0.02 and
0.006, N = 46 and 45, respectively). Off Vigo, DOC, POC,
and PONwere significantly lower only at the 1%E0 compared
with the 100% E0 during the Up period, whereas off A
Coruña, POC and PON were significantly lower at the 1%
E0 independently of the hydrographic situation (Table 1).

Marine humic-like fluorescence of dissolved organic mat-
ter (FDOMm) was significantly higher at 100% E0 than at 1%
E0 optical depth off Vigo during the downwelling period (M–
W test, p = 0.035, N = 10). Protein-like fluorescence of dis-
solved organic matter (FDOMt) was significantly higher off
A Coruña than off Vigo (K–W test, p = 0.004, N = 41). Chl-a
concentration was higher at 100%E0 depth and highest during
the onset of upwelling period at both locations. Particulate
organic carbon production (POCp), bacterial production
(BP), and bacterial respiration (BR) followed very similar pat-
terns as Chl-a in surface waters at both sites, being higher at
100% E0 at both locations, with the highest rates during the
upwelling period. Bacterial biomass (BB) did not differ be-
tween hydrographic conditions and was higher off Vigo than
off A Coruña (K–W test, p = 0.007, N = 44) (Table 1).

Bacterioplankton Diversity

A total of 305 different OTUs were detected (ARISA detec-
tion threshold of 0.09%, see BMaterial and Methods^ section)
over the sampling period at the two optical depths off A

Coruña and Vigo (Table 2), of which only 4 OTUs (~ 1.3%)
occurred in all samples (ubiquitous OTUs) whereas 79 (~
26%) where found only once (unique OTUs, using the 95
percentile of the control as background and considering only
the peaks contributing > 0.09% to the total abundance of the
sample). In terms of relative abundance, the 4 ubiquitous
OTUs accounted, on average, for 27 ± 12.5% (± SD) of the
community, whereas the 79 unique OTUs accounted only for
0.59 ± 1% of the community.

In general, A Coruña and Vigo showed a similar number of
distinct OTUs, a total of 253 and 245 OTUs, respectively
(Table 2). Only 6 and 4 OTUs were present in all the samples
and 41 and 38 were unique off A Coruña and Vigo, respec-
tively. OTUswere classified into persistent (found in > 80% of
the samples), intermittent (20–80%), and ephemeral (< 20%).
Most of the OTUs were ephemeral, although cumulatively
represented a small fraction of the community inhabiting the
euphotic zone (142 OTUs in A Coruña and 128 OTUs in
Vigo, accounting for < 10% of the community). Many OTUs
were intermittent (90 and 93, accounting for about 35% of the
community at both locations). Fewer than 10% of OTUs were
persistent at each location along the year (21 and 24 OTUs,
respectively, accounting for > 60% of the community)
(Table 2).

The cumulative number of ephemeral OTUs was higher off
A Coruña than off Vigo (142 and 128, respectively). At both
locations, the cumulative number of ephemeral OTUs in sur-
face waters was higher than at the base of the euphotic zone (A
Coruña: 100% E0 = 107, 1% E0 = 90; Vigo: 100% E0 = 109,
1% E0 = 81). Also, at the base of the euphotic zone, the cu-
mulative number of ephemeral OTUs was higher during
downwelling conditions also at both locations (A Coruña
1% E0: Up = 48, Dw = 77; Vigo 1% E0: Up = 37, Dw = 60;
Table 2). Persistent OTUs, on the other hand, weremore abun-
dant at the 1% E0 depth than in surface waters, especially off
Vigo (A Coruña: 100% E0 = 22, 1% E0 = 33; Vigo: 100%
E0 = 20, 1% E0 = 46). In both cases, persistent OTUs showed
a higher number during the downwelling period than the up-
welling period, though their contribution to the community
was similar during both hydrological periods (Table 2).

Considering the whole annual cycle, 63% of the detected
OTUs were present at both locations. The percentage of
shared OTUs between locations within the same optical depth
was similarly high (approximately 62%). Within each loca-
tion, the percentage of shared OTUs between sampling depths
was also high (58% off A Coruña and 61% off Vigo).

The temporal variability in bacterial diversity was, both in
terms of bacterial richness (number of distinct OTUs) and
evenness (inverse Simpson’s index), similar off A Coruña
and Vigo, yet some differences between sampling depths
and periods were found (Fig. 3, Table 3). Samples from 1%
E0 depth were, in terms of both richness and evenness, slightly
more diverse than those from 100% E0 depth at both locations
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(Fig. 3). Such differences were significant off Vigo (M–W
test, p = 0.039 and 0.003 for richness and evenness, respec-
tively, N = 22) (Table 3). Similarly, diversity was significantly
higher during downwelling than during upwelling periods
(richness: M–W test, p = 0.013, N = 43; evenness: M–W test,
p = 0.009, N = 43) (Fig. 3, Table 3).

OTU richness declined from January to April at both loca-
tions and depths. In April, richness off A Coruña were 0.2 and
0.7-fold lower than annual mean values at 100%E0 and 1%E0

depths, respectively (Fig. 3a). Off Vigo, April samples were
0.28 and 0.32-fold lower than annual mean values at 100% E0

and 1% E0, respectively (Fig. 3b). Then, richness increased in
the 1% E0 depth at both locations, as the Iw intensity became
stronger, reaching a maximum in June, followed by a slight
decrease during the rest of the Up period. After that, richness
increased, reaching values as high as in June between October
and December. A moderate increase was also observed in
surface samples.

Bacterial evenness in surface samples was more stable off
A Coruña compared with Vigo, where evenness was highly
variable throughout the year (Fig. 3c, d). At the 1% E0 optical
depth off A Coruña, evenness increased from February to
March, but sharply decreased from March to April, reaching
a minimum value. After that, bacterial evenness recovered
throughout the summer, increasing again during the Dw peri-
od. A similar pattern, although less marked, was also observed
at the surface.

Bacterial evenness off Vigo followed similar patterns at the
surface than at the 1% E0 optical depth. A sharp decline oc-
curred from January to February and from February to March
at the 100 and 1% E0 optical depths, respectively. After that,
bacterial evenness moderately recovered, until a sharp in-
crease occurred from May to June only at the 1% E0.
Bacterial evenness at the 100% E0 had a moderate decrease
from June to September, which was more pronounced at the
1% E0 optical depth.

Spatial and Temporal Patterns in Bacterial
Community Structure

A distance-based redundancy analysis (dbRDA) based on
Bray–Curtis similarities between samples showed that the
BCS was strongly influenced by the hydrographical situation
and by the optical depth, but not by the sampling location
(Fig. 4, Supporting Information Table S1). A high similarity
of BCS was found among samples from the downwelling
period independently of location or depth, whereas the BCS
of samples from the upwelling period grouped according to
the optical depth (independently of the location) (Fig. 4,
Supporting Information Table S2).

When comparing the BCS similarity between groups of
samples from the same hydrographical situation and optical
depth from A Coruña with those from Vigo, it becomes moreTa
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evident that location has little effect on BCS, as there were no
significant differences between groups (Fig. 4, Supporting
Information Table S2).

Individually, most of the contextual variables significantly
explained part of the variability on the BCS matrix, and up to
12 variables explained more than 10% of this variability
(Table S3). The best DistLM solution included nine signifi-
cant variables that predicted the bacterial assemblages
(Table 4). These variables explained up to 53.6% of the fitted
model variation, with seasonal variables (day length and pre-
cipitation) explaining up to 19.6% of this variability (Table 4,
Fig. 4).

The dbRDA plot showed that changes in day length and
precipitation mostly explained differences in bacterial com-
munities under upwelling and downwelling conditions.
Temperature and phosphate, and to a lower extent Chl-a,
PER, and FDOMm, were most strongly associated with dif-
ferences in bacterial communities at different optical depths
(Fig. 4).

To evaluate how physical processes connect bacterial com-
munities inhabiting the surface and deeper layers in the eu-
photic zone, we explored the relationship between the Bray–
Curtis similarity of communities inhabiting the 100 and 1% E0

depths (inter-depth similarity) and the UML depth at each

Fig. 3 Temporal variation in
richness (number of distinct
OTUs) off aACoruña and bVigo
and evenness [inverse Simpson’s
index (2D)] off c A Coruña and d
Vigo (circles and triangles,
respectively). Open and filled
symbols represent 100% E0 and
1% E0 depth samples,
respectively. Blue and red
symbols represent downwelling
and upwelling samples,
respectively. Shaded gray areas
indicate months from the
downwelling period

Table 3 Mean richness and evenness (±SD) at the two sampling sites
(A Coruña and Vigo) for the two optical depths [100 and 1% of surface
photosynthetically active radiation (E0)] during the two hydrographical

situations (HS): upwelling (Up) and downwelling (Dw). Groups of sam-
ples with no significant differences (M–W test, Monte Carlo permuta-
tions) are indicated with the same super index (a > b > c)

Place PAR HS Richness Evenness Number

(OTUs) (2D) (samples)

A Coruña 100% E0 Up 71 ± 15 68 ± 11bc 61 ± 10cd 20 ± 8 18 ± 4ab 14 ± 2bc 21 11 5

Dw 73 ± 9bc 20 ± 4a 6

1% E0 Up 74 ± 19ab 67 ± 24abcd 22 ± 10ab 19 ± 13a 10 5

Dw 82 ± 8ab 25 ± 7a 5

Vigo 100% E0 Up 71 ± 16 61 ± 13c 54 ± 6d 20 ± 10 16 ± 8b 14 ± 3c 22 11 6

Dw 70 ± 14abcd 18 ± 12a 5

1% E0 Up 81 ± 11a 77 ± 14abc 25 ± 9a 22 ± 10ab 11 6

Dw 86 ± 5a 28 ± 8a 5

All samples 71 ± 15 20 ± 9 43
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location and sampling time (Fig. 5). A positive relationship
(r2 = 0.4, p < 0.001) was found between the inter-depth simi-
larity and the UML depth. Bacterial community off A Coruña
in March showed a much lower inter-depth similarity com-
pared to other sampling months with similar UML depths.

To further explore the temporal variability of the BCS, we
plotted the Bray–Curtis pairwise similarity of samples against
time lag (see, for example, [28, 60, 34] at each depth and
sampling location (Fig. 6). Bray–Curtis similarity (± SD) off
A Coruña was on average 49.8 ± 10.0 and 50.8 ± 9.4% at

100% E0 and 1% E0 depths, respectively. Bacterial communi-
ties off Vigo were on average 45.6 ± 12.1 and 58.1 ± 8.5%
similar at 100% E0 and 1% E0 depths, respectively. Overall,
the highest pairwise Bray–Curtis similarity occurred between
communities 1 month apart (a similarity of 70% off A Coruña
at both depths and 79% in Vigo at 1% E0), except for Vigo at
100% E0 depth, where maximum similarity occurred between
communities 11 months apart (Fig. 6). At both sampling lo-
cations and depths, there was a general decrease in the simi-
larity of BCS as more time elapsed, until 5 to 7 months had
elapsed. Then, the similarity between communities increased
until the end of the time series (11months after the start), when
BCS similarity reached values as similar to those as between
samples collected only 1 month apart (Fig. 6).

RDA1 
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Fig. 4 Distance-based redundancy analysis (dbRDA) ordination of bac-
terial community structure based onBray–Curtis similarity. Samples from
A Coruña 100% E0 (open circles) and 1% E0 (filled circles) and Vigo at
100% E0 (open triangles) and 1% E0 (filled triangles). Blue symbols
represent samples under downwelling situation, and red symbols repre-
sent samples under upwelling situation. Numbers correspond to the
12 months of the year. Only environmental variables that explained var-
iability in microbial community structure selected in the DistLM model
(stepwise selection procedure with AIC selection criterion) were fitted to
the ordination. BP bacterial production, Chl-a chllorophyll-a, D-L day
length, FDOMm fluorescence of the dissolved organic matter from
humic-like substances, FDOMt fluorescence of the dissolved organic
matter from protein-like substances, PER percentage of extracellular re-
lease, PO4 phosphate, PPT precipitation, T temperature

Table 4 Sequential test of the predictive variables that better explain the variability of the BCS resemblancematrix by a distance linear model (DistLM) test

Variable AIC SS (trace) Pseudo-F p Explained variability (%) Cumulative (%)

D-L 306.72 9728.4 8.1265 0.001 16.5 16.5

T 302.53 6583.0 6.1959 0.001 11.2 27.7

Chl-a 300.53 3776.0 3.803 0.001 6.4 34.2

BP 300.47 1807.3 1.8604 0.067 3.1 37.2

PO4 298.60 3182.6 3.4909 0.002 5.4 42.6

PPT 298.22 1811.9 2.0434 0.010 3.1 45.7

FDOMt 298.15 1504.9 1.7317 0.044 2.6 48.3

PER 297.94 1522.2 1.7912 0.031 2.6 50.9

FDOMm 297.46 1615.5 1.9543 0.026 2.7 53.6
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Clustering of OTUs according to their relative abundance
profiles showed contrasting temporal variability patterns
(Fig. 7). Some OTUs were persistently abundant at both sam-
pling depths and locations (cluster A), whereas others were
only abundant either in surface waters (cluster B, Fig. 7) or at
the base of the euphotic zone (cluster F, Fig. 7). Some OTUs
showed clear seasonal patterns at both optical depths (e.g.,
cluster B or C, Fig. 7 and Supporting Information Tables S4
and S5), whereas others showed more evident seasonal pat-
terns only in surface waters (e.g., cluster A or H, Fig. 7 and
Supporting Information Tables S4 and S5).

Most seasonal OTUs correlated with D-L and precipita-
tion, followed by Iw and the UML depth (Supporting

Information Table S4). The number of seasonal OTUs at
the base of the euphotic zone off A Coruña was lower than
in the surface (Supporting Information Table S4).
Conversely, a similar percentage of seasonal OTUs was
found at both sampling depths off Vigo (Supporting
Information Table S4). Moreover, 52% of the persistent
and intermittent OTUs showed significantly correlated tem-
poral patterns inter-locations (between sampling locations
at the same depth, Supporting Information Table S5), which
suggest spatial synchrony (Fig. 7). In addition, most of the
OTUs showing spatial synchrony were also seasonal
(Supporting Information Table S5). Some ephemeral
OTUs appeared to be also synchronized, producing
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Fig. 6 Temporal patterns in
pairwise Bray–Curtis bacterial
community similarity between
samples collectedNmonths apart.
Average pairwise community
similarity (Y-axis) was calculated
for samples a off A Coruña at
100% E0 depth, b off A Coruña at
1% E0 depth, c off Vigo at 100%
E0 depth, and d off Vigo at 1% E0
depth. Time lag (X-axis) indicates
the number of months between
the pairwise comparisons. Gray
circles represent individual
pairwise comparisons. Black
circles and dash red line represent
the mean similarity of all pairs of
samples taken a given number of
months apart (e.g., the first circle
is the meanBray–Curtis similarity
of all pairs of samples taken
1 month apart; the second circle is
the mean similarity of all pairs of
samples taken 2months apart, and
so on)
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Fig. 7 Heat map of relative abundances of persistent and intermittent
OTUs at each sampling point and time. Each column represents a
sequential sample along an annual cycle. Filled symbols represent
samples from the 1% E0 optical depth, and open symbols represent
samples from 100% E0. Circles represent samples from A Coruña, and
triangles represent samples from Vigo. Blue symbols represent samples

under downwelling conditions, and red symbols represent samples under
upwelling conditions. Each row represents a different OTU. The
dendogram represent clustering of OTUs based on their relative
abundance profiles. White to blue colors represent relative abundance
of OTUs
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episodic Bblooms^ at the same time and depth at both sam-
pling sites (Supporting Information Fig. S2).

Relationship Between Bacterial Community Structure,
Functionality, Seasonality, and Environmental
Selection

The relationship between BCS, carbon fluxes mediated by
bacterial communities (functionality), and the seasonal and
environmental factors was assessed examining correlation
of the four resemblance matrices. Resemblance matrices
were constructed including samples from the same depth
independently of the location, as significant differences in
BCS were observed between the two sampling depths
(p < 0.001) but not between sampling locations (p =
0.097; Supporting information Table S1). A significant
partial correlation was found between BCS and function-
ality (carbon fluxes mediated by bacterial communities)
(r = − 0.391), environment (r = − 0.381), and seasonality
(r = − 0.542) in surface waters. By contrast, the only sig-
nificant partial correlation between functionality and envi-
ronmental variables was found at the base of the euphotic
zone (r = 0.429). At this depth, seasonality did not have a
significant effect on the bacterial community after factor-
ing out the effect of the environment (Fig. 8).

Discussion

Methodological Considerations

ARISA primers target the intergenic transcribed spacer
(ITS) region, which separates the 16S and 23S rRNA
genes of many bacteria. This region is widely recognized
for its sequence and length hypervariability [19, 20, 59]
and encompasses more neutral variation than the 16S
rRNA gene, which makes ARISA a well-suited technique
to analyze marine microbial community structure data.
Recent studies have demonstrated the capacity of
ARISA to detect the same community patterns observed
with next-generation 16S rRNA gene sequencing tech-
niques [28, 82, 34, 33, 97], and even better at differenti-
ating certain ecotypes of cyanobacteria [99, 19] or SAR11
[22], which are difficult to resolve by 16S rRNA sequence
alone [28, 34].

ARISA fingerprinting technique only detects OTUs that
make up at least 0.09% of the microbial community and thus
do not detect what Sogin et al. [107] would define as microbes
from the Brare biosphere.^ Despite this, the communities that
we observed each month showed the typical skewed abun-
dance distribution (few OTUs accounting for most of the
abundance and a large tail of less abundant OTUs [89]. It is
nevertheless important to consider that even though our
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Fig. 8 Diagram showing the
relationship between seasonal,
environmental, and functional-
related variables with bacterial
communities. Rho values for the
six pairs of comparisons between
the four resemblance matrices
before (Total) and after factoring
out the effects of the other matri-
ces: seasonality (Seas.), environ-
ment (Env.), functionality (Func.),
bacterial community (Comm.),
and the two factors affecting the
two matrix under evaluation
(Both)
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relative abundance estimates may have biases toward some
taxa, any bias is consistent from sample to sample, supporting
the conclusions drawn from the seasonal dynamics. In addi-
tion, the statistical analyses used to find patterns in this study
are generally insensitive to such biases.

Even though our dataset only covers a single annual cycle,
and a few samples were unfortunately lost because of stormy
weather and methodological issues, the strong and significant
correlations among individual OTUs relative abundances and
seasonal variables indicate a good coverage for this sampling
period.

Bacterioplankton Diversity

We detected more than 300 distinct OTUs including both
locations and sampling depths along the annual cycle. This
recovery is only slightly lower than that observed in longer
time series where the same technique was applied ([19, 28,
33], which is likely related to the greater number of sam-
ples in these previous studies. The average richness per
sample, however, was very similar to that previously re-
ported [19, 28, 82, 33].

The proportion and abundance of persistent, intermittent,
and ephemeral OTUs was similar at both locations, and com-
parable to previous studies in other oceanic regions, such as
the Western English Channel [54], the Hawaii Ocean Time
Series (HOT) station [37], and San Pedro Ocean Time series
(SPOT) station [28]. The lower number of ephemeral OTUs at
the base of the euphotic zone compared with surface waters
suggests a higher environmental stability (Table 2). On the
other hand, the large number of ephemeral OTUs observed
at the 1% E0 optical depth during downwelling conditions
could be related with the eventual transport of offshore surface
OTUs down to the base of the euphotic depth.

Similar levels and temporal fluctuations of bacterial diver-
sity were observed at both locations (Fig. 3). Surface upwell-
ing waters were more productive [109] but less diverse than
waters at the base of the euphotic zone, both in terms of rich-
ness and evenness (Fig. 3, Table 3). Previous studies in tem-
perate marine ecosystems [3, 28, 37, 38, 45, 50, 54] and bac-
terial distribution models [65] reported and predicted, respec-
tively, an increase in diversity during winter. The vertical
reshuffling of bacterial taxa due to winter mixing [33, 50]
and strong competition during stratified oligotrophic condi-
tions may drive the observed temporal patterns. The interme-
diate conditions between winter mixing and summer stratifi-
cation (i.e., spring and autumn seasons) are very productive
periods (bloom periods) when certain species (r-strategists)
can quickly take up nutrients and bloom. This may explain
the sharp decrease in richness and evenness during early
spring (February to April), and, although less marked, during
late summer early autumn (August–September) at both loca-
tions and depths (Fig. 3).

Spatial and Temporal Patterns of Bacterial
Communities

BCS was remarkably similar at the two sampling locations
(Fig. 4, Supporting Information Tables S1, S2), with a consid-
erable fraction (> 50%) of persistent and intermittent OTUs
(Fig. 7) showing temporal coherence (i.e., spatial synchrony).
In the absence of dispersal, spatial synchrony among popula-
tions is often attributed to extrinsic climatic drivers, the so-
called Moran effect [78, 101] or to trophic interactions with
populations that exhibit spatial synchrony [70]. The fact that
most of the OTUs showing spatial synchrony were also sea-
sonal (Supporting information Table S5), and the relatively
low connectivity between sampling locations at relevant tem-
poral scales, suggests that synchrony is mainly forced by ex-
ternal factors. To the best of our knowledge, similar patterns of
spatial synchrony between sampling locations have not been
previously described in marine microbial ecosystems and re-
inforces the idea of a BCS mainly driven by regional seasonal
factors rather than by biotic interactions [55]. An alternative
explanation for the high horizontal spatial similarity of bacte-
rial communities would be the effect of the Iberian Poleward
Current (IPC) on dispersal. This agrees with the higher simi-
larity observed between locations during the winter period
(Fig. 6). During the winter, the southerly winds promote the
surface northward flow of warm and saline water on the slope,
turning right off Cape Finisterre to enter the Rías Altas [6, 25,
26], eventually promoting the connectivity of bacterial com-
munities between the Rías Baixas and the Rías Altas.

Some ephemeral OTUs showed episodic blooms, probably
in response to favorable environmental changes. However,
since these OTUs were only detectable by our ARISAmethod
during one or two time points, wewere not able to identify any
robust statistical associations between these blooms and envi-
ronmental parameters. Intriguingly, some ephemeral taxa also
bloomed in synchrony at both locations and/or depths
(Supporting Information Fig. S2), which suggests that they
may be responding to processes occurring at regional or larger
scales, such as annual phytoplankton and nutrient cycles, pre-
cipitation events, or upwelling downwelling episodes. Several
recent studies have found a wide diversity of rare taxa that
have a Bboom and bust^ abundance patterns; these are often
called conditionally rare taxa (CRT) or pulse populations [3,
71, 105]. Furthermore, many of these CRT have been previ-
ously shown to exhibit synchronous dynamics [3].

A clear differentiation of BCS was found between the
two sampling depths, in agreement with previous studies
where microbial abundance and species distribution have
been found to vary vertically (e.g., [23, 28, 48, 52, 55,
91–92, 33, 57). The primary cause of this variability is
the availability of light and nutrients. Planktonic commu-
nities inhabiting the euphotic zone are mainly driven by
the input of solar energy, that confines primary production
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to surface waters and geographical regions and seasons where
light is abundant. Nevertheless, the differences between
depths were not significant during the downwelling period
(Supporting Information Table S2), suggesting that both
depths were homogenized by vertical mixing, particularly dur-
ing winter months. The significant correlation between the
Bray–Curtis similarity inter-depths (i.e., similarity of commu-
nities inhabiting the 100 and 1% E0 depths) and the UML
depth (Fig. 7) reinforces the role of physical forces in this
upwelling system. In summer, as the euphotic zone becomes
stratified and environmental conditions change at the surface
and at the base of the euphotic zone, bacterial communities
diverge, as previously reported at SPOT and BATS [23, 28,
80, 113, 33], but not at Station ALOHA, where the oligotro-
phic water column is permanently stratified and the mixing is
much less seasonally dynamic [36]. The relatively low inter-
depth similarity observed in March in A Coruña regardless of
a wide UML could be explained by the influence of the phy-
toplankton growth occurring in upper water column associat-
ed with the seasonal increase in light intensity and D-L (Fig. 2
and Supporting Information Fig. S1e).

Seasonality of Bacterial Communities

Seasonal dynamics in plankton communities are of particular
relevance because seasonal patterns can tell us about potential
effects of future changes in global climate [56]. Previous work
in our study area has shown a marked seasonality for several
physicochemical variables [6, 35, 85, 87] as well as planktonic
communities inhabiting the euphotic zone [6, 17, 18, 24].

Temporal patterns shown by both the overall community
and individual OTUs (Figs. 6 and 7), and the large fraction of
persistent (74%) and intermittent OTUs (71%) whichmonthly
relative abundances significantly correlated with seasonal var-
iables (Supporting Information Tables S4, S5), strongly sug-
gest seasonal dynamics. Seasonal variability seems to be
largely forced by extrinsic regional factors, such as day length
and precipitation (Fig. 4, Table 4) and the winter mixing [103].
Seasonality has been observed in other temperate regions [3,
23, 28, 32, 34, 49, 80, 113, 116] and attributed to seasonal
changes in temperature, nutrients, and day length or to inter-
actions with other microbial or larger organisms populations
similarly affected by seasonal environmental factors. Given
that the effects of most seasonal environmental factors
are attenuated with depth, one would expect to observe a
decrease in seasonal patterns of bacterial communities with
depth. Accordingly, the effect of seasonality in BCS was
less apparent at the base of the euphotic depth (Fig. 8,
Supporting Information Tables S4 and S5), in accordance
with previous findings at HOT (Hawaii Ocean Time
Series) and BATS (Bermuda Atlantic Time Series Study)
reviewed in [56] and SPOT (San Pedro Oceanographic
Time Series) [28, 33].

Linkages Between Bacterial Community Structure,
Seasonal, and Environmental Factors
and Functionality

DOC degradation by heterotrophic bacteria has important eco-
system implications as it determines the fate of carbon in the
ocean [15]. This process is commonly dependent on the bio-
availability of DOC and the concentration of inorganic nutri-
ents and/or other abiotic factors (e.g., temperature). Over the
last decade, several studies have investigated the link between
BCS and function but have generated contrasting results.
Some studies report a significant correlation between BCS
and function [4, 110]. Others suggest a large degree of func-
tional redundancy of bacterial communities, as changes in
structure are not related with changes in bacterial function
(e.g., [12, 67, 68, 102]). However, there were methodological
differences between these studies: Lear et al. [68] and Ruiz-
González et al. [102] investigated the carbon assimilation po-
tential of microbial communities using 31 different carbon
sources as a proxy for bacterial function, while the others used
direct measurements of carbon utilization (i.e., bacterial pro-
duction and/or respiration).

In order to relate BCS with function, we here estimated
both bacterial production and respiration.We additionally sep-
arated the effect of clearly seasonal variables, such as day
length, precipitation, the upper mixed layer, and the upwelling
index, from that of other environmental variables so as to
distinguish the effect of climatic factors (i.e., regional factors)
from that of intrinsic factors (i.e., local factors) on the structure
of the bacterial community, as well as on its functionality
(independently of each other). Partial Mantel tests revealed
that surface bacterial communities are strongly affected by
seasonality and by local environmental factors, although the
correlation was stronger with regional seasonal factors (Fig.
8), as previously observed in other temperate coastal systems
(e.g., [55]). Interestingly, bacterial functionality was only sig-
nificantly correlated with bacterial community structure, in
contrast with other studies where both the environment and
the composition affected bacterial function [110]. While
changes in surface bacterial communities are largely predict-
able, since much of the variation is seasonal, bacterial com-
munities at the base of the euphotic zone do not seem to be as
predictable. Althoughwe found a certain degree of seasonality
in the BCS at the base of the euphotic zone at both sampling
locations (Fig. 7, Supporting information Tables S4 and S5),
the lack of correlation when pooling data from both locations
and factoring out the effect of non-seasonal environmental
variables (Fig. 8) suggests that seasonality may be less rele-
vant than in surface waters. Functionality at the base of the
euphotic zone was only significantly related with local envi-
ronmental conditions, likely reflectingmore diverse and stable
communities well adapted to episodic substrate availability
(e.g., DOC flux associated to winter mixing).
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In summary, as has been previously observed in other tem-
perate regions, bacterial diversity and community structure
show clear vertical and seasonal patterns in this coastal up-
welling ecosystem. Our study additionally suggests that hori-
zontal homogeneity and synchrony of bacterial communities
is seemingly linked to regional factors, such as upwelling–
downwelling dynamics, although it is not possible to exclude
dispersal being an important factor. Seasonal mixing, largely
associated to downwelling conditions and winter mixing,
disrupts vertical heterogeneity and increases bacterial di-
versity and community similarity between depths and lo-
cations. Moreover, bacterial-mediated carbon fluxes in
this productive region appear to be best predicted by bac-
terial community structure in surface waters, whereas lo-
cal environmental factors are better predictors of bacterial
function at the base of the euphotic zone. The three di-
mensions (horizontal space, depth, and time) considered
here add significant value at understanding and forecast-
ing microbial diversity patterns (e.g., seasonality, co-oc-
currence, spatial synchrony), which might be related to
key functional roles in an ever changing world.
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